Implanting artificial biomaterial implants into alveolar bone defects with individual shape and appropriate mechanical strength is still a challenge. In this study, bioceramic scaffolds, which can precisely match the mandibular defects in macro and micro, were manufactured by the 3-dimensional (3D) printing technique according to the computed tomography (CT) image. To evaluate the stimulatory effect of the material substrate on bone tissue regeneration in situ in a rabbit mandibular alveolar bone defect model, implants made with the newly developed, mechanically strong ~10% Mg-substituted wollastonite (Ca ; CSi-Mg10) were fabricated, implanted into the bone defects, and compared with implants made with the typical Ca-phosphate and Ca-silicate porous bioceramics, such as β-tricalcium phosphate (TCP), wollastonite (CaSiO 3 ; CSi), and bredigite (Bred). The initial physicochemical tests indicated that although the CSi-Mg10 scaffolds had the largest pore dimension, they had the lowest porosity mainly due to the significant linear shrinkage of the scaffolds during sintering. Compared with the sparingly dissolvable TCP scaffolds (~2% weight loss) and superfast dissolvable (in Tris buffer within 6 wk) pure CSi and Bred scaffolds (~12% and ~14% weight loss, respectively), the CSi-Mg10 exhibited a mild in vitro biodissolution and moderate weight loss of ~7%. In addition, the CSi-Mg10 scaffolds showed a considerable initial flexural strength (31 MPa) and maintained very high flexural resistance during soaking in Tris buffer. The in vivo results revealed that the CSi-Mg10 scaffolds have markedly higher osteogenic capability than those on the TCP, CSi, and Bred scaffolds after 16 wk. These results suggest a promising potential application of customized CSi-Mg10 3D robocast scaffolds in the clinic, especially for repair of alveolar bone defects.
Introduction
The great demand for bone graft in maxillofacial surgery Ducheyne et al. 2012; Larsson et al. 2016) is rising with the increase of bone defects caused by infection, tumor resection, and traffic trauma (Fu et al. 2011; , especially in oral implantation, where poor alveolar bone condition does not meet the demand for implant repair. This leads a large number of patients to choose only the removable denture or fixed bridge (Wang, Wu, Perez, et al. 2017 ). Also, due to its varied forms and support needs, alveolar bone defect repair is still a difficult procedure in oral implant therapy (Lee et al. 2013; Cochran et al. 2016; Yu et al. 2016) .
Ideally, alveolar bone repair implants should meet the general needs of bone defect repair, such as degradation rate comparable to the rate of a newly formed bone, 3-dimensional (3D) porous structure with desirable porosity (Karageorgiou and Kaplan 2005) for nutrient diffusion (Hutmacher 2000) , capillary infiltration, cell proliferation and new bone ingrowth (Xu et al. 2014) , and favorable mechanical properties (Fu et al. 2011) to withstand loads during implantation and provide the integral pore interconnection pathway (Otsuki et al. 2006 ) for bone ingrowth. The pore shape (Ostrowska et al. 2016 ) and 734846J DRXXX10.1177/0022034517734846Journal of Dental ResearchCustom Repair of Mandibular Bone Defects with 3D Printed Bioceramic Scaffolds research-article2017 pore size (Mastrogiacomo et al. 2006) are also key parameters to improve the efficiency of new bone formation and the mechanical properties of the implants (Liu et al. 2013) . Moreover, since its main component is cancellous, alveolar bone repair implants should have a matching internal structure, including pore diameter, pore shape, and porosity (Carrel et al. 2016) . In addition, the high flexural strength of the bone repair implants is also important for the dental implant support (Chrcanovic et al. 2016) .
The 3D printing technology has an enormous advantage in satisfying individual requirements of the implants . It has been used to fabricate porous material with both accurate outline dimensions and complex internal morphology Wu et al. 2011 ). In addition, 3D printing can produce customized implants that match a specific shape of the mandibular defect site according to personal demand (Xu et al. 2014 ). This feature allows 3D printing to create the implants matching the bone defect both at the macro and micro levels.
In the past few years, calcium silicate (CaSiO 3 ; CSi) ceramics have been variously studied for application in bone regeneration due to their good osteoconductivity and osteoinductivity. However, their fast degradation rate and lower strength make them suboptimal in bone repair procedures (Wang et al. 2012) . Recently, we found that the CSi ceramic doped with dilute Mg (CSi-Mg) has improved mechanical strengths and unexpected high fracture toughness . The optimal mechanical parameters can be especially obtained when 10 mol% Ca is substituted by Mg in CSi (CSi-Mg10) and the CSi-Mg10 scaffold has good new bone formation ability in both rabbit femur and calvarial bone defects . As the fourth most abundant element in bone, Mg plays a role in promoting bone formation. However, whether the additional magnesium mixed with the calcium silicate contributes to its better performance in bone repair remains to be verified.
In this study, our objective is to investigate the effect of different material substrates of the 3D printed Ca-silicate-based bioceramics, such as CSi, CSi-Mg10, and bredigite (Bred), on the repair of the alveolar bone defects of the specific shape. The latter is a stoichiometric compound with the lowest Mg content in the Ca-Mg-silicate family. The β-tricalcium phosphate (TCP), as a typical bioresorbable Ca-phosphate bioceramic, was included as a control. A bone defect in the rabbit mandibular alveolar bone was made in advance, and thus the external shape of the implants was defined in line with it. As the alveolar bone is mainly cancellous bone, a square pore size of 250 to 300 µm was designed to fit the bone ingrowth in this study. All the implants were manufactured by 3D printing and divided into 4 groups according to their different components.
Materials and Methods

Preparation and Properties of Porous Scaffolds
For details of the preparation of porous ceramic scaffolds, physicochemical characterization of the bioceramic powders and scaffolds, in vitro degradation, and mechanical test, see the Appendix.
Preparation of Rabbit Mandible Defect
The rabbit mandible defect model was used to investigate the in situ osteogenic capacity of the 4 groups of bioceramic scaffolds (TCP, CSi, CSi-Mg10, and Bred). To custom repair the mandible defect area, a cuboid-like critical-size bone defect (10 × 6 × 4 mm 3 ) (Wang, Wu, Xing, et al. 2017 ) was first created in the alveolar bone defects of New Zealand male rabbits (Fig. 1) . The surgical procedures were performed in accordance with the standard guidelines approved by the Zhejiang University Ethics Committee (ZJU2016-1-05-090), and this study conformed with the Animal Research: Reporting In Vivo Experiments (ARRIVE) guidelines for preclinical animal studies. For details of this procedure, see the Appendix.
3D Reconstruction of the Scaffold Model
To determine the geometry and dimensions of the required porous implants, the head of the live rabbit was scanned with the 3D microfocus computed tomography (CT) system (vivaCT100; Scanco Medical) at a voltage of 80 kVp and an electric current of 80 mA, as shown in Figure 1 . The CT scan images in the Digital Imaging and Communications in Medicine (DICOM) file format were imported into the medical image-processing software (Mimics 16.0; Materialise). Then the DICOM images were reconstructed into a 3D model, and a STL file was generated. Following the postprocessing by the CAD software (Magics 13.0; Materialise), the 3D model was subjected to Boolean operation to generate the defect model.
For details of the radiological and histological analysis, see the Appendix.
Statistical Analysis
All the data presented above were expressed as the mean ± standard deviation (SD) and analyzed with the 1-way analysis of variance (ANOVA). In all cases, the results were considered statistically significant at a P < 0.05.
Results
Primary Characterization of the Bioceramic Powders and Scaffolds
For details of the structural parameters of the designed and assintered porous scaffolds (Table) , the scanning electron microscopy (SEM) observation, and the X-ray diffraction (XRD) patterns (Fig. 2) , see the Appendix.
Degradation and Mechanical Decay of the Scaffolds In Vitro
To further understand the in vitro biodissolution and decay in strength of the scaffolds, the ceramic scaffolds were prepared with bar shape and immersed in Tris buffer for 6 wk (Fig. 3A) . The results (presented in Fig. 3B ) revealed that the TCP scaffolds stayed very stable and preserved up to 99.6% after 6 wk. The CSi and Bred scaffolds lost nearly 8% of their weight within the initial 2 wk, but the CSi-Mg10 scaffolds degraded mildly, and the weight loss was only ~4%. When the immersion time was prolonged up to 6 wk, the weight loss of the CSi-Mg10 scaffolds was only 6.8%, but those of the Bred and CSi scaffolds were over 11.5%. Figure 3C shows that the initial flexure strength of the assintered porous scaffolds was significantly different. The CSi had an appreciable strength of ~12 MPa, but the Bred and TCP scaffolds had a strength of only 3.8 MPa and 8.2 MPa, respectively. Noteworthy, the CSi-Mg10 had the highest flexural strength (>30 MPa), which was 2.5-fold more than that of the pure CSi. Meanwhile, the CSi-Mg10 scaffolds maintained a very stable flexural strength and retained a very high strength value of ~23 MPa after being immersed for 6 wk in Tris buffer. However, the flexural resistance of the pure CSi and Bred scaffolds decreased to only a half during the immersion period. Different degrees of degradation and fracture properties were observed in the side-view wall of the scaffolds after being immersed for 6 wk during flexural tests, as shown in Figure 3G . The changes in the concentrations of the different ions in the Tris buffers during the immersion of the macroporous scaffolds are shown in Figure 3D -F. The accumulated ion release for the TCP scaffolds was very limited during the whole immersion period. Regarding the aqueous media for Ca-silicate bioceramic immersion, the Ca concentrations were increased with time, while the Si concentrations rapidly increased initially and then slightly decreased. It is interesting that the Mg concentration in the Bred scaffolds was rapidly increased within 1 wk and then rapidly decreased, although, in contrast, the Mg concentration in the CSi-Mg10-immersed medium was always slightly increased. In addition, it was observed that the pH value in the Tris buffer with the immersed Bred scaffolds increased up to nearly 10 within 2 wk and then remained stable. However, it was also observed that the TCP scaffolds showed a very stable pH value during the whole process, while the pH values in the media with the immersed CSi and CSi-Mg10 displayed a slight increase within the initial 2 wk and then maintained a pH value of ~8.4 and ~7.8, respectively (Appendix Fig. 1 ).
Macroscopic and Microscopic Observations for the Bone Repair In Vivo
No animal death or obvious signs of infection were observed throughout the whole experimental period. A total of 16 rabbits were sacrificed at 8 and 16 wk, respectively, and 64 specimens were prepared for analysis. According to the macroscopic observation (Fig. 4B) , the bone defects were healing well, and no necrosis or obvious inflammation was detected in any fresh mandible specimen. At 8 wk, the implants were stable in the defects, and some parts of the implants surface were covered by callus formation. After 16 wk, the well-organized calluses covered the whole surface of the implants. The radiological images (Fig. 4C) showed that, at 8 wk postimplantation, the radiodensity of the 4 groups clearly indicated that the implants were stable in the defects. Meanwhile, the margins of the defect sites of the 4 groups were blurred and no clear bone resorption area was observed. After 16 wk, the implants were more radiodense than they were at 8 wk, suggesting that the mineralization had progressed continuously in the porous scaffolds.
The micro-CT images of the bioceramic scaffolds in the rabbit mandibular defects at 8 and 16 wk were shown in Figure  4D . The 2-dimensional (2D) images revealed that the bioceramic residuals (the highlighted areas) were decreased with time, accompanied by new bone tissue ingrowth. In addition, the 3D reconstructed colorful images for the mandibular bone defect filled with CSi-Mg10 or CSi scaffolds also clearly demonstrated that the material residual (blue areas) was markedly decreased and the amount of new bone tissue (yellow areas) was increased with the prolongation of the repair time.
The high-and low-magnification histological images ( Fig.  4A and Appendix Fig. 2) showed that the new bone formed not only on the surface of the struts but also in the pores of the scaffolds; no obvious inflammatory response or necrosis was observed in the 4 groups at 8 wk of implantation. The new bone was mainly formed adjacent to the strut of the specimens and extended into the pores. Abundant cuboidal-shaped osteoblasts were lined adjacent to the new bone and a Haversian canal-like structure was formed. Blood vessels were also found in the newly formed bone. The quantitative data for the bone regeneration rate were calculated by the micro-CT and histological analysis. Evidently, the blood vessel/total volume (BV/TV) value was increased with the prolongation of the implantation time in the 4 groups (Fig. 4E) . Noteworthy, the BV/TV value in the CSi-Mg10 group was lower than those of the CSi and Bred group at 8 wk, but the CSi-Mg10 group had the highest BV/TV value after 16 wk (30.5% ± 1.2%, P < 0.05). Although the Bred group had the highest BV/TV value (14.9% ± 0.9%, P < 0.05) among the 4 groups at 8 wk, the BV/TV value in the CSi group was higher than that of the Bred group at 16 wk (24% ± 1.0% vs. 19.6% ± 0.8%, P < 0.05). The TCP group showed the lowest BV/TV value at 8 and 16 wk (6.1% ± 0.7% to 10.3% ± 0.8%). In addition, the quantitative analysis from the histological images detected similar new bone regeneration at the 2 time points (Fig. 4F) . Also, although the CSi-Mg10 group had a suboptimal new bone formation (%) at 8 wk, it had the highest new bone tissue formation after 16 wk. In contrast, the TCP had the lowest new bone tissue formation during the whole implantation period. The results in Figure 4G show the relative residual material (%) of the 4 groups at 8 and 16 wk. The TCP group showed the highest relative residual material (%) at 8 and 16 wk (P < 0.05), whereas the Bred group showed the lowest relative residual material (%) at 8 and 16 wk (P < 0.05). The relative residual material (%) of the CSi-Mg10 group was between those of the TCP and CSi groups during the whole implantation period.
Discussion
Currently, there is a great demand for highly bioactive and biodegradable porous materials for in situ bone regeneration and repair of bone defects in the preparation surgery before dental implantation (Rasperini et al. 2015) . Different bone defect sites in different patients have different properties and morphological requirements for dental bone repair scaffolds (Castilho et al. 2014) . In addition, the mechanical strength of the biomaterials needs to be adequately strong . Unfortunately, the clinically used Ca-phosphate porous bioceramics have very limited mechanical strength, especially extremely low flexural resistance, due to their suboptimal sintering properties and brittle nature. However, we found in this study that the highly bioactive CSi-Mg10 porous scaffolds exhibit excellent flexural strength and readily maintain mechanical stability in aqueous medium for a long period of time. Thus, it is reasonable to assume that the 3D printed CSi-Mg10 porous scaffolds would perfectly satisfy the individual, bioactivity, and appropriate strength requirements in some specifically required mechanical maxillofacial or craniofacial conditions, especially in alveolar bone defect reconstruction.
All the 4 groups of scaffolds, which were fabricated by a 3D printing technique according to the CT image, can correctly match the mandibular defect at the macro and micro levels. It is evident that the general shape of the scaffolds fully fitted the alveolar bone defects (Fig. 4) . This means that accurate image scanning and high-precision 3D printing manufacturing (Fig.  1) can guarantee the quality of personalized implantation. In addition, it is important for the early stabilization and osseointegration between scaffolds and host bone (Lu et al. 2015) . This is demonstrated by the undecalcificated bone slices, which had no fiber or other pathological tissues present between the scaffolds and host bone, indicating that the scaffolds were directly connected to the host bone.
It is well established that the appropriate pore size and porosity provide a good 3D porous microstructure for the cancellous bone ingrowth (Otsuki et al. 2006) . Previous studies have reported that the square-pore scaffolds with pore size about 200 to 300 µm (Choi et al. 2010 ) and high porosity (Karageorgiou and Kaplan 2005) are more suitable for the ingrowth of vascular endothelial cells, which could provide nutrition and material metabolism for new bone tissue formation. This has a great effect on the osteoconduction in scaffolds and could maximize the osteoinduction effect of the bioactive material by expanding the internal contact area (Luo et al. 2015) . On the other hand, the osteoinductivity of biomaterials is partly derived from the release of biologically active ions during degradation (Carlisle 1970; Kaur et al. 2014) , such as Ca, Mg, and Si in this study (Fig. 3) . It was observed that the new bone tissue grows into the scaffolds along the pore wall. The Bred group showed the highest new bone formation within 8 wk, which might be attributed to the osteoinductivity triggered by the substantial ion release and biodegradation that occurred in the early stage. Also, the pure CSi group showed higher bone formation than the CSi-Mg10 groups at 8 wk. It is reasonable to assume that the higher biodegradation rate of pure CSi contributes to the osteostimulative activity and pore enlargement, which are both favorable for new bone tissue ingrowth. However, the strong strength of the CSi-Mg10 scaffolds also underwent a mild biodegradation and released an appreciable number of ions with time. Thus, the new bone tissue ingrowth was significantly accelerated at the stage between 8 and 16 wk. The TCP group, which is the clinically available implantation, however, showed the lowest bone regeneration rate and only one-tenth of the bone formation at 16 wk. This is probably due to the low bioactivity and significantly low degradation of TCP compared with the Ca-silicate bioceramics (Fig. 3) .
The 3D printed CSi-Mg10 scaffolds also provided an excellent flexural resistance due to its high strength and long-term stability in aqueous buffer. It is established that the implants need considerable strength to maintain the space structure of the bone defect for new bone ingrowth in the early stage of bone repair . With the prolongation of the repair time, the strength of the scaffolds would gradually decrease and eventually be close to the original strength of the host bone in the defect area. It is desired that initially, the bone substitutes have high mechanical strength and the appropriate biodegradation rate matching the new bone regeneration. In other words, too fast degradation would not provide enough support to the new bone growth, whereas too slow degradation would cause the stress shielding effect ). Both of them will reduce the osteogenic efficacy. The CSi-Mg10 group with high flexural strength showed the highest osteogenic capacity at 16 wk, whereas the bone regeneration rate was decelerated in the Bred group with the lowest flexural strength. Thus, it can be surmised that, with time, the strong strength of the CSi-Mg10 porous scaffold is favorable for osteogenesis, although it showed very mild ion release compared with the CSi and Bred scaffolds. These physicochemical and mechanical properties and biological performances are considered beneficial for the required optimal bone reconstruction in alveolar bone defects.
In addition, compared with the conventional casting manufacturing approach, which is time-consuming by a few days or weeks, the 3D printing approach is more efficient to fabricate the porous bioceramics within 24 h, including from printing to the sintering posttreatment. After finishing the imaging of the patient and other tests to complete the diagnosis and stay in the ward, the 3D printed implants can be produced during the preoperative period. In addition, the 3D printed porous implants can accurately match the defect and do not need pruning. This should greatly reduce the failure rate caused by mismatch, as well as the operation time. Since it is a form of additive manufacturing followed by high thermal treatment, the waste of excess materials and the potential pollution will be easily minimized.
In summary, this study demonstrated that the 3D printed CSi-Mg10 scaffolds are promising as biomaterials for bone reconstruction in maxillofacial or craniofacial conditions due to their interconnected 3D porous structure, high mechanical strength, excellent bioactivity, and adequate biodegradation. Such porous biomaterials can readily stimulate bone regeneration without the assistance of any osteogenic factor. It is reasonable to assume that, by rationally selecting the fabrication techniques, such as digital medicine, 3D manufacturing, and the sintering process, the customized strategy is expected to be used in clinical settings in the future.
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